Abstract The purpose of this study was to evaluate the role of multi-slice computed tomography (MSCT) angiography in the follow-up of popliteal artery aneurysms (PAAs) that have been operated on. Aneurysm exclusion and progression, graft patency and graft-related complications were analyzed. Fourteen patients with 21 surgically excluded PAAs were evaluated with MSCT angiography with slice thickness of 1.25 mm. The mean follow-up time was 67 months. MSCT demonstrated blood flow in six nonexcluded PAAs (24%), with an average increase in the diameter of 21 mm over time. Fifteen PAAs demonstrated no blood flow and revealed an average decrease of 7 mm in diameter. The origin of this residual perfusion was demonstrated, and collaterals were involved in five of six non-excluded PAAs. In addition, MSCT demonstrated three graft stenoses. Furthermore, two occluded grafts were visualized. Twenty-four percent of the patients after surgical exclusion of PAAs revealed residual perfusion within the aneurysmal sac during follow-up, with a significant increase in the aneurysmal size with MSCT. Moreover, evaluation of the graft patency could also be done as could demonstration of anastomotic abnormalities. Thus, MSCT might be considered as a new tool to evaluate residual collateral feeding of popliteal aneurysmal sac and could be useful in identification and localization of feeding vessels.
Introduction
Popliteal artery aneurysms (PAAs) are the most frequent peripheral artery aneurysms [1] and are potentially dangerous lesions with high frequency of thromboembolic complications (18-77%) and amputation risk (10-67%) [2] [3] [4] [5] [6] [7] [8] [9] . In cases of symptomatic PAAs, diameter exceeding 20 mm or presence of a mural thrombus [10] [11] [12] , the procedure of choice is exclusion of the aneurysm and reverse saphenous vein bypass grafting. Some authors [3, 4, 13, 14] have demonstrated that initially small asymptomatic aneurysms mostly remained unchanged when untreated, whereas others recommended prophylactic repair, justified by the risk of chronic embolization from the aneurysm [5, 6, 15, 16] .
The major long-term complications of the PAAs that have been operated on have been graft stenosis and thrombosis due to intimal hyperplasia. However, some cases of symptomatic enlargement and rupture of already excluded aneurysms have been reported [8, 17] . The origin of this recurrence is not fully understood. Moreover, some authors [18, 19] have shown that more than 30% of ligated PAAs increased in size during follow-up, sometimes requiring re-intervention, which was associated with a higher operating risk. Thus, they recommended long-term surveillance of all PAAs with contrast enhanced CT or Doppler ultrasound (DU). Few reports exist in the literature about CT reliability in detecting popliteal aneurysmal disease, especially using multi-slice CT (MSCT) angiography [20, 21] . To our knowledge, none of them evaluated the potential of CT in the post-operative surveillance of excluded PAAs.
The aim of this study was to evaluate the role of MSCT angiography in the post-operative surveillance of excluded PAAs using a high resolution with specific regard to the assessment of the aneurysm exclusion and progression, graft patency and graft-related complications.
Materials and methods

Patients
Data for patients with PAA admitted to our University Hospital between January 1991 and December 2001 were reviewed. Thirty-seven patients with 53 surgically excluded PAAs were identified. Three patients died in the postoperative period and one during the follow-up period. Four underwent amputations. Five patients were lost to follow-up because they moved to another country, and four refused to participate in the study. In the remaining patients, seven with renal failure were excluded. Thus, 14 patients, with a mean age of 66 years (range 45 to 86 years) and with 21 surgically excluded PAAs were enrolled in this study. All patients gave their informed consent before follow-up examinations. Approval was obtained from the local ethics committee. At the time of the MSCT scan, among the 21 limbs that were operated on, 18 were asymptomatic and two presented claudication, Fontaine stage IIa. The last patient complained of local discomfort in the popliteal fossa, with signs of venous compression. Table 1 summarizes the clinical characteristics of patients with excluded PAAs undergoing MSCT follow-up study.
MSCT scans
MSCT scans were performed on 16-row detector Lightspeed Pro (GE Healthcare, Milwaukee, USA), using high spatial resolution in all patients, with slice thickness of 1.25 mm. To optimize vascular enhancement in the region of interest two dynamic consecutive series after a single bolus test of 30 ml of contrast material (Iopentol 300, GE Biosciences, Milwaukee, USA) pulsed by 50 ml saline solution at a rate of 4 ml/s were done. The first one was set at the celiac trunk level and the second one at the popliteal arteries. From the density-time curves generated, the time needed by contrast material to move from the aorta to the popliteal arteries was calculated as the difference between the time to maximum enhancement in the popliteal arteries and the time to maximum enhancement in the abdominal aorta. Acquisition parameters (rotation time and table speed) were then selected to have an acquisition time as near as possible to the calculated time. A total of 120 ml to 150 ml of contrast material was necessary to obtain CT angiography from the abdominal aorta to below the knee arterial tree. Images were reconstructed every 1.25 mm. Combined analysis of axial images, 2D reformations and 3D reconstructions using volume rendering techniques or maximum intensity projection algorithm was used to assess the aneurysm, grafts and collateral supply whenever they existed. At least two radiologists analyzed, in consensus, each examination. Maximum diameter measurements were obtained in all cases and reported as mean ± SD.
Doppler ultrasound
Doppler ultrasound scans were done by vascular specialists using a Vingmed sound, system FiVe ultrasound machine with 5 MHz probes (Vingmed, System 5, Norway). Graft patency and sites of anastomosis were systematically assessed. If signs of residual blood flow (RBF) were depicted inside the aneurysm, or if the aneurysm size increased, the maximum diameter was obtained.
Results
Assessment of aneurysm exclusion and aneurysm progression
MSCT showed that 15 of the 21 PAAs (71%) were completely excluded without any RBF depicted inside the aneurysm (Fig. 1) . The maximum diameter decreased in 11 of these PAAs and had a mean difference between the preoperative maximum diameter and the maximum diameter at the follow-up study of 7 mm (range 0.5 to 15 mm). In the remaining four patients, no pre-operative measurement of the diameter was available. In six PAAs (29%), RBF of the aneurysmal sac was demonstrated. In all cases but one (Fig. 2) , where no initial diameter was known, RBF was associated with an increase in the maximum diameter with a mean value of 21 mm (range 2 to 38 mm). Only two cases of increasing diameter in MSCT were depicted on DU (40 mm and 65 mm) and characterized as positive RBF. However, the origin of RBF was not clearly demonstrated by DU. It has been assumed to be probably from collaterals. In the remaining 19 other cases, no RBF was observed at DU examination.
In the PAAs still perfused the surgical procedure used was femoro-popliteal bypass, and all but two anastomoses performed were termino-terminal. The initial aneurysm size exceeded 20 mm in five of the six patients. In one patient no initial diameter measurement was available. In four cases of RBF, extensive ectasia of ilio-femoral arteries were seen at the initial status. No relationship was demonstrated between the run-off and changes in aneurismal diameters. Among the four patients with poor run-off (only one patent distal vessel), there were no increases in diameter (Table 2) .
In only one patient, an aneurysm with RBF and significant progression (maximum diameter of 60 mm) induced pain of the popliteal fossa. The patient was treated by endovascular embolization of collaterals feeding the aneurysm.
In order to characterize the source of the RBF, features of the feeding arterial branches and collateral supply were graded as follow (Fig. 3): (1) type 0, no RBF depicted; type I, RBF was supported by the proximal anastomosis; (2) type II, RBF was supported by collaterals originating proximally to the proximal anastomosis; (3) type III, RBF was supported by collaterals originating distally to the distal anastomosis (Fig. 4) ; (4) type IV, RBF was supported by the distal anastomosis; (5) type V, at least two different sources were found (Fig. 5) . MSCT well characterized the RBF, and Table 3 shows the distribution of RBF type found in our group.
Graft patency and graft-related complications
MSCT demonstrated that 19 (90%) grafts were still patent and two (10%) grafts were occluded. In both cases of graft occlusion, patients remained asymptomatic and no additional treatment was carried out. One patient had a prosthetic bypass and had already presented an episode of occlusion 1 year before, which had been treated by thrombolysis and angioplasty of a distal anastomosis stenosis, with unsatisfactory result. The other one had a femoro-tibioperoneal trunk bypass that required additional thrombectomy of the distal artery during the initial operation, and the patient was receiving anticoagulation therapy. According to MSCT, DU demonstrated the same two occluded grafts.
Three non-significant stenoses were depicted on MSCT scans confirmed by DU.
Discussion
A high risk of limb loss is associated with PAA, especially when acute thrombosis occurs. The risk of amputation varies between 24% and 69 % [2] [3] [4] [5] [6] [7] . Moreover, untreated PAAs carry some risks of rupture or nerve compression, with potential limb dysfunction. For these reasons, management of PAAs must be carefully carried out. Some authors [2, 5, 6, 11, 15, 16, 22] have shown that patency rates are better in elective cases, preventing distal embolization and a poor run-off [2, 11, 23, 24] . Others risk factors justifying surgical approach are a diameter of more than 20 mm, a mural thrombus or a poor run-off, because they are predictive factors of acute thrombosis if not treated [12, 23, 24] . Exclusion of PAA is widely recommended.
In the past, only graft patency and limb salvage rates were analyzed as outcomes. Nevertheless, some authors reported some cases of rupture of a previously ligated PAA [8, 17] . This was uncommon, and it could be explained by the fact that patients died before the onset of the complication. Recently, Ebaugh et al. [18] reported an increase in mean aneurysmal diameter after exclusion and bypass grafting procedures in 32% of cases. Not only could an ageing population explain this increase but also they are more often searched for. Furthermore, non-excluded PAA is a specific and probably underestimated complication after ligation of PAA, and it should be searched for by radiological means. Landry et al. [25] showed that the longterm success of bypass graft procedures for the lower extremities was predicted by an aggressive regimen of DU surveillance, allowing early identification of graft-related lesions and native artery abnormalities before graft occlusion. DU could also demonstrate intrasac blood flow, as in the series of Kirkpatrick et al. [19] .
Piccoli et al. demonstrated that MSCT allowed depiction of peripheral aneurysms with information about the vessel wall, especially the presence of calcium [20] . This had already been reported by Beregi et al. [21] . However, new advances in multi-row detector technology, especially 16-row CT scans as used in our study, allows larger volume acquired with a high resolution at similar or shorter acquisition times than the CT scans reported in previous studies. This advantage allows assessment of the entire arterial system, from abdominal aorta to the below-theknee arteries, including popliteal region, in-flow and outflow that help to characterize the treated PAAs, especially in the case of RBF. In our series, MSCT angiography permitted us to detect all non-excluded PAAs and, thus, showed its superiority over DU. To our knowledge no study has compared the value of CT angiography as an alternative to DU in the follow-up of popliteal artery diseases. However, the majority of reports on DU performance to detect endoleaks after endovascular repair of abdominal aortic aneurysm [26] [27] [28] [29] [30] [31] found inferior sensitivity and specificity compared to CT angiography. Nevertheless, contrast agents (Levovist) seem to increase the sensitivity of this color-flow DU, but with the risk of more false-positive results [32] . However, CT angiography carries some disadvantages, such as increased radiation exposure, potential contrast allergy and worsening of renal insufficiency. Another alternative to CT angiography could be magnetic resonance angiography (MRA), especially in patients with renal impairment [33] .
Six of the 21 PAAs (29%) operated on in our series were not completely excluded at the time of follow-up, with a mean increase in diameter of 21 mm but with only one limb being symptomatic (5%). No rupture was seen. This is in accordance with Kirkpatrick et al., who revealed that 33% of PAAs increased in size after ligation and bypass [19] . However, in their series, approximately half of the feeding aneurysms presented some local symptoms, and one rupture occurred. Furthermore, Metha et al. reported that 38% of PAAs that had been operated on presented persistent collateral flow, and 23% increased in size during a 2-year follow-up period [35] . The pathogenesis of aneurysmal recurrence and expansion is not fully understood. Several hypotheses exist. Although poor run-off has been described as a risk factor for occurrence of complications with popliteal artery aneurysm, it seems that there is no relationship with recurrence after previous ligation. In accordance with type II endoleaks appearing after PAAs, it is probably partly linked to persistent feeding of the aneurysmal sac from patent geniculate collateral vessels, which are not ligated during the initial operation. This filling increases pressure in the aneurysm, contributing to its unceasing expansion. This is in accordance with Metha et al., who identified the presence of geniculate arteries with retrograde flow in the sac at re-operation [35] . Although Ebaugh et al. [18] found no trend to suggest that retrograde filling predisposes to the growing of PAAs, we observed a relationship between increasing size and presence of RBF in the aneurysmal sac depicted by MSCT. Moreover, MSCT angiography using a high spatial resolution was reliable to characterize collateral supplies to the RBF in the aneurysmal sac. Based on anatomic type of collaterals and arterial branches, MSCT angiography findings clearly support the hypothesis that the collateral arterial is a source of the increase in the aneurysm diameter. Another theory is based on the concept of endotension, which was used when no blood flow was identified in the aneurysmal sac [36] [37] [38] . Kirkpatrick et al. [19] reported that 17% of PAAs with no intrasac RBF detected increased in size. Patent side branches resulted in maintenance of pressurization of the sac, inducing size increase without any detectable blood flow [18] . However, it could be assumed that insufficient sensitivity of CT angiography or Doppler ultrasound used in these studies limited flow detection in the aneurysm. In our series, we observed no patient with increased aneurysm diameter without RBF detected.
In the literature few reports about the management of such non-excluded PAAs exist, and guidelines are still lacking. According to the fact that approximately 50% of initially documented endoleaks spontaneously sealed during follow-up of endovascular exclusion of abdominal aneurysms [39] , the hypothesis that some of the patent genicular branches, not ligated during surgical treatment of PAA, should also disappear early in the postoperative period could be considered. So, aggressive management should concern only persistent collaterals feeding a growing aneurysmal sac. In these cases, appropriate therapeutic options should be debated. Metha et al. proposed a posterior approach, with sac decompression [35] . In our experience MSCT provides useful information by depicting origin and localization of collaterals feeding the aneurysmal sac. Transcatheter embolization could be a reasonable and successful solution in type III RBF. Because the management varies, depending on the source of the RBF, MSCT also allows distinction between collateralbased perfusion and anastomosis-related residual feeding. The anastomosis-related residual feeding should be encountered no more, because termino-terminal anastomoses, with ligation of the aneurysm, are recommended. Nevertheless, if a re-intervention is necessary, more precise evaluation of the anatomy of the popliteal fossa, as obtained by three-dimensional reconstructions provided by MSCT, can be helpful.
In conclusion, because of the risk of aneurysmal recurrence after ligation and bypass of PAAs in approximately one-third of cases, and because of associated complications such as rupture, a program of life-long surveillance should be established. Because of its high spatial resolution, MSCT angiography is a new tool to identify RBF and characterize collateral feeding of the aneurysm. Although these findings have to be confirmed in larger series, MSCT angiography is a reliable method in the detection of nonexcluded PAAs, not only by providing precise information on diameter increase and graft-related complications but also on RBF detection and characterization that should be considered to define therapeutic options and follow-up strategy in these patients.
